INTRODUCTION
Goto et al. 1 3 reported crystal structures of long-chain fatty acids, monoacyl glycerol, and triglycerides. The crystal structures were specific because of the space-filling crystal packing necessary for the hydrophobic long alkyl chains and bulky terminal heads. Surfactant molecules have similar chemical structures to them, and their crystal packing has been investigated 4, 5 . The present authors have also reported on the crystal structures for curcumin 6 and n-heptyl β-D-xyloside 7 as the amphiphiles from biological origins. Spiculisporic acid abbreviated as S-acid below is a microbial biosurfactant with a unique long chain fatty acid carrying two carboxylic moieties and a lactone ring γ-lactone 8 11 . Both S-acid and its lactone ringcleaved derivative O-acid below have the cloud points at ca.85 and 44 , respectively 12 . S-acid and O-acid are able to lower the points by their neutralization with alkalis like carboxylic-type anionic surfactants 9 11 .
Otherwise, Microbially produced surfactin, a lipopeptidetype biosurfactant, is a kind of macrocyclic-lactone derivative, and formed rod-shaped micelles organized in β-sheet conformation from α-helix monomers despite of macrocyclic-and linear-type ones 13, 14 . Microbially produced biosur-from ethanol. On the addition of the equimolar NaOH in normalized solutions to S-acid at a room temperature of around 20 , mono-sodium salt of S-acid abbreviated as S-1Na and double molar addition, S-2Na, were produced. The lactone ring of S-acid was cleaved by heating with triple-molar NaOH at 70 , and the resultant tri-sodium salt of spiculisporic acid was neutralized with triple-molar HCl in order to convert to O-acid. Then, O-acid was extracted with ethanol from the resultant precipitate. The chemical structure of O-acid, 4S, 5S -3-hydroxy-1,3,4-tetradecanetricarboxylic acid, was confirmed with the elemental and IR analyses 8 . Then, O-acid was neutralized with the equimolar NaOH to get mono-sodium salt of O-acid O-1Na , and disodium salt of O-acid O-2Na with double molar one, and tri-sodium salt of O-acid O-3Na with triple molar one 9 .
Methods
A single crystal of 4S, 5S -4,5-dicarboxy-4-pentadecanolide, 0.1 0.15 0.8 mm, was selected for X-ray mea- Table 1 Crystal data and summary of experimental details. 21 . Crystal data, details of data collections, and refinement results are given in Table 1 . The calculation were performed using Crystan-GM 22 . The final refinement was carried out by the full-matrix least squares method using anisotropic temperature factors for the non-hydrogen atoms. Hydrogen atoms attached to the hydroxyl groups could not be found by the Differential Fourier synthesis, and were omitted. Other hydrogen atoms were located by geometric considerations and refined as riding on their carried carbon atoms. The other measurements were described elsewhere 8, 9 .
RESULTS and DISCUSSION

Crystal Structure of Spiculisporic Acid
The crystal data and the final atomic parameters are listed in Table 1 . The fractional atomic coordinates and thermal parameters are listed in Table 2 . The selected bond lengths and angles are given in Tables 3-1 The dihedral angle between n-undecyl chain and the lactone ring is almost 137 .
The crystal packing along the b-axis is shown in Fig. 2 . The molecules stack along the b-axis, and the alkyl chains form an interdigitated alignment from molecule to molecule by the interpenetration of adjacent alkyl chains. The crystal packing along the c-axis is also shown in Fig. 3 . The two molecules connected by two carboxylic moieties per Table 2 Fractional atomic coordinates and thermal parameters (non-hydrogen atoms). 
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Fig . 1 Drawing of the molecular structure of spiculisporic acid obtained by the X-ray crystallographic analysis. Table 4 8, 9 . Furthermore, both of cmc and γ cmc values of S-1Na are lower than those of S-2Na. These facts led to the conclusion that the lactone ring γ-butanolide is a kind of hydrophobic moiety. The spacial length of the lactone ring is 3.4 by measuring the distance between C 4 to O 2 center-to-center in Fig. 5 . This was illustrated in an outline on the basis of Fig. 1, Fig.  2 , Table 3 -1, and Table 3 -2. The length 3.4Å is equivalent to about 2.7 methylene linkages in an alkyl chain where one methylene unit advances forward in 1.27 towards the direction for the alkyl chain end on the basis of a C-C bond length of 1.54Å and the bond angle of 109.5 112 113 from Table 3-2 .
To further elucidate the hydrophobic contribution of the lactone ring, the hydrophobicity of other cyclic moieties was investigated on aromatic and cyclohexyl compounds. The spacial distances of the benzene ring C 1 -symmetric C 4 center-to-center and the cyclohexyl ring 23 C 1 -the chair form end C 4 center to center are 3.8Å and 3.9Å, respectively, from their structures. The width of the lactone ring, 2.4 , is comparable to the benzene-ring: 2.4 , and cyclohexyl moiety: 2.5 . The lactone ring is polar and its surface area and surface charge are different from the cyclic hydrocarbons of benzene and cyclohexyl rings in referring to the chemical structure. However, the behavior Fig. 4 The detail of the intermolecular network of hydrogen bonds among the polar carboxylic heads of spiculisporic acid. due to the presence of the lactone ring in Table 4 is able to refer to them. This was from the additional prolongation effect of benzene ring which assumed methylene linkages to the n-alkylbenzene sulfonates. The hydrophobic contribution due to the insertion of the benzene ring into alkyl sulfonates is converted to the number of ca. 4 methylene linkages 24 . Namely, the cmc of p-n-decylbenzene sulfonate, 3.7 10 3 mol/l 75 , closely corresponds to p-n-tetradecylsulfonate, 4.6 10 3 mol/l 80 . This led to an empirical rule that benzene rings fit ca. 4 methylene linkages consisting of 3.0 methylene linkages 3.8 /1.27 plus some more ca. 1.0, probably by its width effect of benzene ring molecular stacking.
Otherwise, the calculated hydrophobic contribution of the cyclohexyl moiety corresponds to 3.1 methylene linkages 3.9Å/1.27Å . The actual experimental data of the difference of ΔG ad standard free energies of adsorption in water from the dγ/dC data between cyclohexylalkanoic acid and n-alkanoic acid from the experimental data of dγ/dC 25 , is equivalent to ca. 4.0 methylene linkages per cyclohexyl moiety. Namely, ΔG ad of ω-cyclohexylbutanoic acid, 25.9 kJmol 1 , is equivalent to that of n-octanoic acid, 25.6 kJ mol 1 . So, the actual experimental results showed 4.0 methylene linkages / cyclohexyl moiety. The difference, 0.9 4.0 3.1 , may be caused by its width effect, which enhances the molecular aggregation due to its chair-type-conformation. The additional hydrophobic effects of benzene 1.0 and cyclohexane 0.9 seem to be attributed to wider hydrophobic atmospheres than those of straight alkyl chains owing to the hydrophobic hydration 26 . The lactone ring must have the same hydrophobic effect like ca. 1.0, and may correspond to 3.7 methylene linkages / lactone ring. 3.2.2 The role of lactone-ring γ-butanolide as the hydrophobic moiety of sodium spiculisporates Both of the lactone ring and n-undecyl moieties of spiculisporates are divided into two parts at C 5 Fig. 1 with the hydrophilic carboxylate s serving as the polar head s . Such di-nonpolar-type surfactants show higher cmc and lower γ cmc values than those of straight alkyl chain bearing and sole hydrophilic terminal surfactants according to Hartley effect 27, 28 . However, lower cmc and lower foaming actions of S-1Na than O-1Na CH 3 CH 2 9 CH COOH C COOH OH CH 2 CH 2 -as the hydrophobic moiety do not follow Hartley effect. The γ cmc lowering of S-1Na follows the effect. The cmc decrease of S-1Na compared with that of O-1Na must be ascribed to the existence of free carboxylic moieties: one in S-1Na as is illustrated in Fig. 1 , and two in O-1Na as in Fig. 1 . Namely, the contribution of intermolecular hydrogen bonds like Fig. 4 , are postulated for assisting the formation of hydrophobic core of the micelle 26 . It is an evidence that the cmc value of S-1Na one free COOH is considerably lower one order small than that of S-2Na no free COOH . Otherwise, weak ionic dissociations of double COOH moieties of S-1Na may affect its lower cmc than O-1Na. Furthermore, liquid crystallinity of aqueous solutions of branched alkyl derivatives of S-acid and O-acid salts 29 may cause the different behavior. The latter presumption is encouraged by facts of the formation of lamellar liquid crystal in dialkyl-type surfactants like Aerosol OT 30 32 , α-sulfofatty acid ester salts 33 , and so on.
The above mentioned two effects may overlap themselves. So, it is suggested that S-1Na does not show the characteristic of the di-nonpolar-type surfactants.
The hydrophobic effectiveness of S-1Na and S-2Na, along with O-1Na, O-2Na, and O-3Na were compared to the surface activities of fatty acid soaps. S-1Na is summed up as a branched C 15 Then, S-1Na is nearly equivalent to C 16 -Na of straight chain soaps. The cmc of O-1Na is like C 12 -Na C 14 -Na, despite of a rather higher γ cmc . This must be attributed to a less efficient adsorption of O-1Na at the air-water interface owing to carry double COOH moieties. Otherwise, it is known that the cmc values of cyclic alkyl linked surfactants generally correspond to 3/4 of straight alkyl ones 27 . Applying this rule to γ-butanolide, it corresponds to ca. 4 methylene linkages, 5 members 3/4 . The behavior of the hydrophobic and low foaming properties of the lactone-carrying surfactant concerned Table 5 is comparable to those of lactonic sophorolipid 17 . Consequently, S-1Na, a branched lactone ring and n-undecyl moieties C 15 -Na, behaved like the straight chain hexadecanoate C 16 -Na in the surface active behavior. On the other hand, the polar head numbers of surfactants 35 Table 4 .
As shown in Table 5 , it is obvious that the shorter reaction time and smaller particle size s in the emulsion polymerization of S-1Na and S-2Nalarger solubilizing and emulsifying activities as the characteristics of straight-chain bearing surfactants. On the other hand, O-3Na shows a larger dispersing action in rutile titanium dioxide reflecting the large stabilizing action giving prosperous electric charges onto the polar surface of titanium dioxide. The large calcium ion sequestration action of O-3Na is parallel to the large dispersing actions in titanium dioxide. The large pH buffering action of O-3Na 8 is also attributed to the triple polar heads. Thus, spiculisporic acid exerts a functional conversion of the surface activity depending on the environmental changes, and has a unique chemical and molecular structure due to its double carboxylic moieties and a γ-butanolide, which is produced by an enzymatic reaction of lauryl CoA with 2-ketoglutaric acid of the TCA cycle of a kind of fungus 12 . The microorganism may make use of spiculisporates for its own preservation and growth high acidity, surface activity , and migration precipitates in its growing surroundings.
CONCLUSION
1 The molecular structure of microbially produced spiculisporic acid was investigated by means of X-ray crystallographic analysis. The crystal is orthorhombic, and the molecules form intermolecular networks linked by hydrogen bonds around their polar carboxylic moieties. The n-undecyl chain formed in an all-trans conformation, and the connecting lactone ring was almost in the straight alignment with n-undecyl chain. The molecules penetrated with each other in in an interdigitated manner in layers at 137 . 2 It was confirmed that the lactone ring γ-butanolide in sodium spiculisporates behaved as a hydrophobic moiety in their surface active properties with n-undecyl chain. Furthermore, the lactone ring shares the hydrophobicity of about 4 methylene linkages / molecule, and contributes to both of the lowerings of critical micelle concentration cmc and γ cmc surface tension at the cmc through their surface activity. This is a useful function for surfactants. 3 Sodium spiculisporates S-1Na is a kind of branched lactone ring and n-undecyl C 16 -Na sodium hexadecanoate from its hydrophobic structure, and behaved like the straight-chain sodium pentadecanoate. Sodium salts of the lactone-cleaved derivative of spiculisporic acid O-acid showed large dispersing and calcium ion sequestration actions due to their plural polar heads. 
